The rate constants of alkaline fading of malachite green (MG + ) was measured in the presence of nonionic (TX-100), cationic (DTAB) and anionic (SDS) surfactants. This reaction was studied under pseudo-first-order conditions at 283∼303 K. The rate of fading reaction showed noticeable dependence on the electrical charge of the used surfactants. It was observed that the reaction rate constants were increased in the presence of TX-100 and DTAB and decreased in the presence of SDS. According to Hughs-Ingold rules for nucleophilic substitution reactions, the electric charge of MG/surfactant compound along with decrease in dielectric constant of MG + micro-environment in this compound varies the rate of fading reaction. Binding constants of surfactant molecules to MG + were calculated using cooperativity, pseudo-phase ion exchange and classical models and the related thermodynamic parameters were obtained by classical model. The results show that the binding of MG + to TX-100 is exothermic and binding of MG + to DTAB and SDS in some concentration ranges of the used surfactants is endothermic and in the other ones is exothermic.
Introduction
The rates of chemical reactions are known to be changed by self-organized assemblies such as micelles. [1] [2] [3] [4] [5] [6] [7] [8] [9] Effects of micelles on these reactions can be attributed to electrostatic and hydrophobic interactions. Malachite green (MG + ) is a triphenylmethane dye. These dyes represent a class of dyes of commercial and analytical importance. 10, 11 Malachite green is used to dye materials like silk, leather, cotton and paper and can be used as a saturable absorber in dye lasers, as a pH indicator or as a bacteriological stain. 12 It is also used as a topical antiseptic or treat parasites and bacterial infections in fish and fish eggs. 13 Due to the vast applications of MG + , its interactions with other compounds, such as surfactants, are of great importance. As founed, 14 the rate of alkaline hydrolysis of MG + increased in aqueous solutions of CTAB. Also, the rate of alkaline fading of other cationic triphenylmethane dyes, brilliant green 15 and crystal violet, 16 increases in the presence of n-alkyltrimethylammonium bromide surfactants. In continuation of our earlier work, 17 we studied the MG + fading reaction in the presence of TX-100, DTAB and SDS at 283 -303 K. The MG + fading is a one-step reaction 18, 19 and kinetics of these kinds of reactions in the presence of surfactants can be studied using pseudo-phase ion exchange, cooperativity and classical models. 14, 15, 17 Experimental Section Reagent. Malachite green oxalate, polyoxyethylene (number of segments 9.5) glycol tert-octylphenyl ether (Triton X-100 or TX-100), dodecltrimethylammonium bromide (DTAB), sodium dodecyl sulfate (SDS) and NaOH were purchased from Merck.
Procedure. The fading of MG + was followed at its maximum wavelength (λ max ) values in a thermostated cell compartment of a Shimadzu UV-1650PC spectrophotometer. The experiments were conducted at 283, 293 and 303 K within ± 0.1 K. All the kinetic runs were carried out at least in triplicate. To perform each kinetic run, a 100 µL aliquot of 1.38 × 10 -4 M MG + solution was added by a microsyringe into 2.9 mL of a solution containing 5.44 × 10 -4 M sodium hydroxide and a certain concentration of surfactant. To study all interactions occurred between surfactant and substrate molecules, we carried out the experiments in the surfactants concentration ranges which reaction rate finally reaches to its maximum value (in the case of catalytic effect) or becomes very slow (in the case of inhibitory effect). The reaction between MG + and hydroxide ion has been found to be bimolecular but pseudo-first-order conditions (excess alkali) were used in all cases, Scheme 1. To obtain the pseudo-first-order rate constants, the following equation was used:
where A is the absorption of MG + at any time, A0 is its initial absorption and k p and t are the pseudo-first-order rate constant and time, respectively. We used the second-order reaction rate constants, kobs, in our calculations. kobs is obtained from the re- 
Results and Discussion
Analysis of kinetic data by classical model. In classical model, 17 it is assumed that in each range of surfactant concentration, the surfactant and substrate can bind together and there is an equilibrium relation between them. A concentration of surfactant is called "substrate-surfactant compound formation point" (or abbreviated as sc point) in which the equilibrium relation between added surfactant and species already presented in 
and solution ends and a new equilibrium relation between added surfactant and compound resulted from the previous equilibrium relation starts. Critical micelle concentration (cmc) of a surfactant is also a sc point and there may be some sc points before and after cmc as well. The range of surfactant concentration which covers an equilibrium relation is named "region". Surfactant molecules can bind to the substrate either monomeric or micellar (by one or more number of their molecules). Thus, we can obtain the stoichiometric ratios and binding constants of interactions of surfactants with substrate molecules in various ranges of surfactant concentrations. For each assumed equilibrium relation, following equation holds for:
where k', c, [ ] t S , R, T and S E are the rate constant in the presence of surfactant, ln k (at first region) or ln ksc (for other regions), total surfactant concentration, universal gas constant, absolute temperature and activation energy of reaction in constant temperature and various surfactant concentrations, respectively. ksc is the kobs in the starting of every region except region one. Equation (2) is named Samiey equation and can determine the concentration range of each region. 17 If the reaction rate is decreased upon increasing the surfactant concentration, the sign of Es is positive and is called "inhibition energy" and if the reaction rate is increased with increasing the surfactant concentration, the sign of Es is negative and is named "catalytic energy" at constant temperature and various surfactant concentrations.
In this model, it is assumed that in each region one substrate molecule, MG + , binds to n molecules of surfactant and we have:
where K is the binding constant of the substrate-surfactant interaction in each region. According to classical model, this reaction is of type I. In this type of reaction, solvent molecules do not act as a reactant and kobs is related to the surfactant concentration as follows: ...
Going from one region to the next one, if K 1/n value (the average binding constant of interaction between one substrate molecule with one surfactant molecule in each region) increases, the coperativity of interaction is positive and if K 1/n value decreases, the coperativity is negative.
Effect of TX-100 on the MG + fading. As seen in Figures 1  and 2 and Table 1 , with increase in TX-100 concentration, the λ max value of MG + shifts to red and the reaction rate of MG + fading increases. As given in Table 1 , kinetics of MG + fading in the presence of TX-100 is three-region. The cmc value of TX-100 in pure water is 0.29 mM 20 and the first region is below its cmc value. As seen in Table 2 and Scheme 2, in acidic solution, interaction of TX-100 with MGH 2+ results in the red shift in λmax value of MGH 2+ . This indicates that in this region, a preliminary electrostatic interaction occurs between (CH3)2NH + -group of MG + and the oxygen atom of ethoxy chain of TX-100 molecules which is similar to interaction of silanol groups of silica gel with TX-100. 20, 21 This interaction along with further hydrophobic interaction of MG + with TX-100 molecules results in a sharp red shift in λmax value of MG + . The red shift has been previously reported for other compounds upon going from polar to apolar solvents, as a result of hydrophobic interaction. [22] [23] [24] It seems that TX-100 molecules decrease dielectric constant of the MG + micro-environment. According to Hughs-Ingold rules for nucleophilic substitution reactions, 25, 26 formation of the neutral carbinol base from two oppositely charged reactants is more favorable in lower dielectric constant media and thus with increase in TX-100 concentration, the rate of MG + fading increases in the first region. In this region, as seen from log K values in Table 1 , interaction of MG + with TX-100 is exothermic, Table 5 .
In the second region, λmax value of MG + and fading reaction rate increase with increase in TX-100 concentration, Table 1 . It seems that likewise first region, electrostatic and hydrophobic interactions occur between MG/TX-100 and free TX-100 molecules in the second region. In this region, interaction is exothermic, Table 1 .
In the third region, the rate of MG + fading and λmax value of MG + keep approximately constant. As seen in Table 5 , interaction of MG + with TX-100 molecules throughout concentration range of TX-100 is exothermic and its ∆S value is negative.
Effect of DTAB on the MG + fading. As seen in Figures 1 and  3 and Table 3 , kinetics of MG + fading in the presence of DTAB is three-region. The cmc value of DTAB in pure water is 13.77 mM 27 and the first region is below its cmc value. In this region, with increase in DTAB concentration, the rate constant of MG + fading and λmax value of MG + increase slightly and it seems that there is a weak endothermic interaction between MG + and DTAB molecules, Table 3 . Obviously, in the beginning of the second region (≈ 14.74 mM > cmc value of DTAB), a weak electrostatic interaction occurs between (CH3)2N-group of MG + and positive head group of DTAB molecules and along with hydrophobic interaction of MG + with nonpolar moiety of DTAB molecules results in the red shift in λmax value of MG + . Confirming this result, it is seen from Table 2 that 15 mM DTAB acidic solution has no effect on the λmax value of MGH 2+ . Under these conditions, according to Hughs-Ingold rules for nucleophilic substitution reactions rate constant of MG + fading increases with increase in DTAB concentration. This interaction is exothermic, Table 6 . In the third region, the rate of MG + fading and λmax value of MG + increase with increase in DTAB concentration and it seems that MG/TX-100 interacts with TX-100 molecules via hydrophobic and electrostatic interactions. As seen in Table 3 , this interaction is endothermic and its positive ∆S value (394.3 J mol -1 k -1 ) shows the increased randomness which suggests that the hydrocarbon chain of DTAB molecules replace some water molecules of solvating MG + . These displaced molecules gain more translational entropy than is lost by DTAB molecules, thus allowing the prevalence of randomness in the system. As seen in Table 6 , interaction of MG + with DTAB molecules throughout concentration range of DTAB is endothermic and its ∆S value is positive.
Effect of SDS on the MG + fading. As seen in Figures 1 and 4  and Table 4 , kinetics of MG + fading in the presence of SDS is four-region. The cmc value of SDS in 0.001 N NaOH is 3.5 mM. 28 It seems that a preliminary electrostatic interaction occurs between (CH3)2N + -group of MG + and the negative charge on the sulfate head group of SDS. This electrostatic interaction along with further hydrophobic interaction of MG + with nonpolar moiety of SDS results in the red shift in λmax value of MG + and a decrease in the rate of MG + fading with increase in SDS concentration. Confirming this result, in acidic solution, appearance of a peak at 627 nm shows that MG/SDS compound has been formed, Table 2 . The MG/SDS compound has no positive electric charge or its electric charge may be negative and SDS nonpolar moiety decreases the dielectric constant of MG + micro-environment. According to Hughs-Ingold rules, under these conditions, formation of the neutral carbinol base is not favorable. As reported, 29 At pH ≤ 2, SDS molecules bound to protonated amines on the outer rims of a amine terminated PAMAM dendrimer driven by electrostatic interaction, which induced the formation of PAMAM/SDS supramolecular complex via hydrophobic association between bound SDS molecules. At pH of 7.4, the formation of PAMAM/SDS com- plex was observed at higher SDS concentration and it resolubilized with further increase of SDS concentration due to weaker electrostatic interaction at higher pH.
In the first region, interaction of MG + with SDS is endothermic, Table 4 . In regions 2 and 3 which are below the cmc value of SDS, an increase in SDS concentration results in a decrease in fading reaction rate and a red shift in λmax value of MG + and interaction is exothermic, Figure 1 and Table 4 . This indicates that in regions 2 and 3, MG/SDS compound forms via electrostatic and hydrophobic interactions between MG + and SDS molecules. In region 4 which starts at 4.92 mM, (above the cmc value of SDS), with increase in SDS concentration, the reaction rate decreases and λmax value of MG + keeps approximately constant, Figure 1 and Table 4 . This indicates that in this region, hydrophobic interaction occurs between MG/SDS compound with free SDS molecules. As reported, 30 electrostatic interaction between sodium salt of carboxymethylcellulose (NaCMC) and CTAB increases hydrophobicity of polymer-surfactant complex.
In region 4, interaction of MG + with SDS is endothermic, Table 4 . Interaction of MG + with SDS throughout concentration range of the SDS is endothermic and its ∆S value is positive, Table 7 .
Analysis of kinetic data by cooperativity model. The Piszkiewicz model, 15, [31] [32] [33] analogous to the Hill model applied to the enzyme-catalyzed reactions 34 may be considered here with some modifications. According to this model, it is assumed that substrate molecule, MG 
The model gives the following rate equation:
where KD is the dissociation constant of micellized surfactantsubstrate compound back to its components and [ ] t S gives the total surfactant concentration. Here, k w is the reaction rate without any surfactant, and km is the reaction rate with the maximum amount of surfactant concentration within the given range and if reaction is inhibited by adding surfactant, km = 0. n is known as the cooperativity index and is a measure of the association of additional surfactant molecules to an aggregate in the whole surfactant concentration range. If n value is greater than one, are the total surfactant concentration, binding constant, observed reaction rate and reaction rates in micellar media and in the bulk phase, respectively. This model can not study the surfactant-substrate interactions below the cmc value of surfactants. It is seen in Table 9 that binding of MG + to SDS is exothermic. On the other hand, due to oscillation in the values of binding constants of MG + to TX-100 and DTAB, ∆H and ∆S values of these interactions can not be calculated.
Conclusion
The rate constant of alkaline fading of malachite green (MG + ) was measured in the presence of TX-100, DTAB and SDS. The rate of fading reaction showed noticeable dependence on the electrical charge of the used surfactants. It was observed that the reaction rate constants were increased in the presence of TX-100 and DTAB and decreased in the presence of SDS. Binding constants of surfactant molecules to MG + were calculated using cooperativity, pseudo-phase and classical models and the related thermodynamic parameters were obtained by classical model. The results show that the binding of MG + to TX-100 is exothermic and binding of MG + to DTAB and SDS in some regions is endothermic and in the other ones is exothermic.
